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We report the synthesis and structural characterisa-
tion of three mixed-metal formate perovskite families
[C(NH2)3]M1−xCux(HCOO)3 (M = Mn, Zn, Mg). Using a
combination of infrared spectroscopy, non-negative matrix
factorization, and reverse Monte Carlo refinement, we show
that the Mn- and Zn-containing compounds support com-
positional nanodomains resembling the polar nanoregions
of conventional relaxor ferroelectrics. The M = Mg family
exhibits a miscibility gap that we suggest reflects the
limiting behaviour of nanodomain formation.
Compositional heterogeneity is an essential ingredient in a
number of important classes of functional materials.1 Arguably
the clearest example is that of the relaxor ferroelectrics, such as
(1− x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 (PMN-PT):2 here an inhomo-
geneous distribution of B-site cations allows the formation of po-
lar nanoregions (PNRs),3–5 the collective motion of which is re-
sponsible for the giant electromechanical response observed and
exploited experimentally.6,7 Recently, the same ideas have been
extended to relaxor ferromagnets,8 which are in turn conceptu-
ally related to cluster spin glasses,9 known for their exotic mag-
netic memory effects.10 Likewise, in some porous metal–organic
frameworks (MOFs), inhomogeneous vacancy distributions11 af-
fect gas uptake12 via a mechanism that is analogous to ion con-
duction pathways in compositionally-heterogeneous solid-oxide
fuel-cell materials.13
From a materials design perspective, the existence of nanoscale
compositional inhomogeneities relies on a delicate balance of in-
teraction strengths at the atomic scale. If the interaction between
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different components is essentially independent of composition
then mixing will be uniform; this is nearly always the case for
rare-earth substitution in garnets, for example.14 Conversely, if
interaction strengths vary too greatly then either macroscopic
phase segregation (like interactions favoured, e.g. eutectics15)
or component ordering (unlike interactions favoured, e.g. dou-
ble perovskites16,17) occurs. So the task of establishing chemical
control over nanodomain structures is an important challenge in
the field.18–20
It was in this context that we sought to explore cation
distributions in the mixed-metal formate perovskites
[Gua]CuxM1−x(HCOO)3 (Gua+ = C(NH2)+3 ; M = Mn, Zn, Mg).
It has been known for some time that many formate perovskites
show relaxor-like dielectric behaviour,21–23 which is usually as-
sociated with glassy dynamics of the organic (A-site) cation.24,25
Indeed a recent 13C NMR study of [(CH3)2NH2]Zn(HCOO)3
even demonstrated the spontaneous formation of fluxional
PNRs during the onset of ferroelectric order.26 By contrast, the
exploration of mixed-metal formate perovskites is rather less
well developed.27–31 Our focus here on the [Gua]M(HCOO)3
family is motivated by the link in this particular system between
polarization and cooperative Jahn–Teller (JT) order for M = Cu
[Fig. 1].28,32,33 In particular, we anticipated that substitution
on the Cu site by JT-inactive cations (i.e., Mn, Zn, Mg; note
Cd gives a different structure type28,34) might be expected
to reduce the length-scale of polar order, and—if clustering
were found to occur—then favour the formation of PNRs in
Cu dilute compositions. Moreover, a computational study
of [Gua]Mn0.5Cu0.5(HCOO)3 has recently suggested strong
enhancement in both polarization and magnetization relative to
the Mn- and Cu-containing end-members.35
Our focus here is on the synthesis and structural characterisa-
tion of three [Gua]CuxM1−x(HCOO)3 families (M = Mn, Zn, Mg)
rather than their dielectric behaviour, (although we anticipate our
results will have strong implications for the latter). Making use of
a newly-developed non-negative matrix factorization36,37 (NMF)
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Fig. 1 The crystal structures of most [Gua]M(HCOO)3 perovskite ana-
logues (left) are non-polar. Collective JT order (centre) breaks inver-
sion symmetry 32,33 (e.g. at the site marked by an orange circle). Hence
[Gua]Cu(HCOO)3 (right) is polar, with the orientation of polarization a
function of the phase of collective JT order. 32
analysis of infrared (IR) spectroscopy data, we determine the ex-
perimental distribution of neighbouring cation pairs as a function
of composition. We use these data to drive reverse Monte Carlo38
(RMC) refinements of cation distributions, which in turn reveal
nanodomain formation precisely of the type observed in conven-
tional relaxor ferroelectrics such as PMN-PT.
Polycrystalline samples of [Gua]CuxM1−x(HCOO)3 (M = Mn,
Zn, Mg; x = 0, 0.1, . . . , 1) were prepared according to the method
of Ref. 39; to the best of our knowledge neither the mixed-cation
nor the Mg-endmember frameworks have been reported.34,39
Cu:M ratios in our samples were determined by atomic absorp-
tion spectroscopy (AAS), and synchrotron X-ray powder diffrac-
tion measurements used to establish the phase behaviour of each
family (see SI for details). We find that the M = Mn and Zn fami-
lies form continuous solid solutions, whereas the M = Mg system
precipitates as a two-phase mixture for x < 0.6 [Fig. 2]. Rietveld
refinement of these diffraction data indicates that Cu has negligi-
ble solubility in [Gua]Mg(HCOO)3, but that Mg has some limited
solubility (< 50%) in [Gua]Cu(HCOO)3.
Weak superlattice reflections associated with collective JT or-
der are evident in the diffraction patterns of the phases with high
Cu contents [Fig. 2]. In principle, this part of the diffraction pat-
tern contains information regarding the extent and nature of po-
lar domain formation: either via Bragg intensities in the case of
long-range JT order, or via diffuse scattering if order is short-
range.40,41 The difficulty in this case is that the superstructure
scattering intensity is so weak that we could not draw any unam-
biguous conclusions regarding cation distributions on the basis of
these diffraction patterns.
Consequently, we turned to IR spectroscopy, focusing on
the 1250–1400 cm−1 region because it contains the carboxylate
stretches of the bridging formate.39 We rationalised that formate
stretching frequencies should be sensitive to the nature of the two
cations to which a formate anion is bound, and hence allow char-
acterisation of the distribution of Cu–Cu, Cu–M, and M–M neigh-
bours in our samples. These distributions, in turn, reflect the
degree of M/Cu mixing and hence the presence or absence of any
nanodomain formation. Our results show a continuous variation
in IR absorption profile as a function of Cu content x [Fig. 3(a)].
At intermediate values of x, features appear that are not observed
in either endmember; we attribute these to stretches of formate
anions that bridge Cu–M pairs.
Fig. 2 Variation in synchrotron X-ray powder diffraction patterns
(left, λ = 0.82598 Å) and phase fractions/compositions (right) for
[Gua]CuxM1−x(HCOO)3 with nominal Cu content xnom(Cu) = 0–1 (top–
bottom in left panels). Insets show the strongest Pna21 superlattice re-
flection (circled) for x = 0.8, 0.9, 1. For M = Mn, Zn, x(Cu) values were
determined by AAS. For M = Mg, compositions (represented by division
of block colour) and phase fractions (green lines) were determined by
Rietveld refinement. For x < 0.6, the dashed component represents
[Gua]Mg(HCOO)3 and the solid region [Gua]CuxMg1−x(HCOO)3 (see SI
for analysis and further discussion).
We used a custom implementation of the NMF algorithm36,37
(see SI) to deconvolve each IR absorption profile into three com-
ponents: two corresponding to the profiles for each endmember
(i.e. M–M and Cu–Cu) and the third corresponding to that of the
mixed-metal linkages (M–Cu). In this way, the relative fraction of
M–M, M–Cu, and Cu–Cu linkages can be obtained across each se-
ries. In Fig. 3(b) we show the results of our analysis for M = Mn;
those for M = Zn and Mg, which are entirely similar, are given in
the SI.
Our key result is that the distribution of these different linker
types indicates cation segregation at the atomic scale. Taking the
x = 0.5, M = Mn composition as an example, a statistical distribu-
tion of Mn and Cu cations would give Mn–Mn:Mn–Cu:Cu–Cu ra-
tios of 25:50:25; we find 39:24:37. Indeed, for all compositions,
and for all choices of M, we observe much smaller mixed-cation
M–Cu fractions than would be expected for a random distribution.
Assuming equilibrium conditions, and taking into account the en-
tropy of mixing contribution to the free energy, we can use these
linker distributions to estimate the enthalpy penalty of cation mix-
ing: we find ∆Hmix = 3.1 and 3.6 kJ per mole of cation–cation
interactions for M = Mn and Zn (the corresponding value for Mg,
2.4 kJ mol−1, is much less reliable as a result of the presence of
two phases). By way of context, we note that these values are
significantly larger than those of mixed-cation hybrid lead halide
perovskites.42
In order to understand the microscopic implications of the
linker distributions determined in our IR/NMF analysis, we used
an RMC approach.38 The basic idea was to generate an atomistic
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Fig. 3 (a) Normalised IR absorption spectra of [Gua]CuxMn1−x(HCOO)3
in the formate C–O stretching region (coloured lines) with NMF fits in
black. (b) NMF linker distributions (data points) with equilibrium fit (∆Hmix
= 3.1 kJ mol−1) as a solid line. (c) Representative x = 0.5 RMC configu-
rations for M = Mn, Zn, and Mg, showing nanoscale clustering of Cu-rich
regions (dark blue).
supercell containing a fixed number of M and Cu sites according
to the composition of interest. The fraction of M–M, M–Cu, and
Cu–Cu neighbours can be calculated straightforwardly from such
a model. We then used the Metropolis Monte Carlo algorithm43
to swap M and Cu atoms until the configuration reproduced the
experimental linker distributions. Hence the resulting RMC con-
figurations are representative states consistent with experimental
IR data, and are physically meaningful irrespective of the precise
extent to which the experimental systems are at equilibrium. Con-
figurations for all compositions are given as SI, but we illustrate
the specific case of x = 0.5 in Fig. 3(c). What is immediately clear
is that considerable nanoscale segregation is evident in all three
families, with the degree of segregation reflecting the magnitude
of ∆Hmix. Indeed it is possible to identify nanodomains of the type
associated with relaxor PNRs, a result we have obtained without
assumptions regarding nanodomain shape.44
That the M = Mg system forms a two-phase mixture rather
than a solid solution indicates the delicate energy balance re-
quired to support nanodomain formation in these systems. We
suggest that the particular propensity for phase separation in
[Gua]CuxMg1−x(HCOO)3 reflects the large difference in end-
member unit-cell metric for this system. The relative ordering
of ∆Hmix for M = Mn and Zn can also be rationalised on the basis
of strain arguments (see SI). Variation in synthesis temperature
(all our samples were prepared under ambient conditions) may
offer a route to stabilise a continuous solid solution for the M =
Mg phase, and indeed allow further control over nanodomain size
in all three families.
To the best of our knowledge, the only other MOF family in
which compositional nanodomains have been characterised ex-
perimentally is that of UiO-66.11 In that particular case, the key
implications of nanodomain formation are porosity (hence ad-
sorption profile) and mechanical response, including thermal ex-
pansion.12,45 For the formate perovskites we study here, the ob-
servation of Cu clustering has important implications for the for-
mation of PNRs and hence relaxor behaviour. The emergence
of polarisation on the nanometer scale requires local JT order
within Cu-rich domains that is of the same type as that observed
in [Gua]Cu(HCOO)3 itself. Computational studies of other di-
lute JT systems suggest this to be likely;46 moreover, even in the
presence of a percolating network of Cu sites one expects decou-
pling of the phase of JT order (and hence polarisation direction)
between connected Cu-rich regions as a result of additional JT de-
grees of freedom in Cu-poor regions.47 This decoupling—which
is key for relaxor behaviour—is consistent with our experimen-
tal observation that long-range JT order [Fig. 2] disappears much
more quickly on doping than expected from percolation consid-
erations alone.28,47 So our study has clearly identified these fam-
ilies of mixed-cation formate perovskites as obvious relaxor can-
didates. Experimental studies of the dielectric response of these
materials are a natural avenue of future research; we suggest that
the Cu-rich compositions without long-range JT order are likely
to exhibit the most interesting behaviour.
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